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An additive package based on chlorendate and thiadiazole mo'ecular structures

has bern discovered which {mparts antiwear properties to tetrachlorophenyl-

methvl siloxane {iuids that have been previously unattainable. For the tirst

time a polysiloxane based fluid possessing antiwear properties comparable to

auch ootstanding lubricants as petroleum oils, synthetic hydrocarbons, diesters

snd phosphate ecsters was formulated. In addition, a detailed analysis of )
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the modification of friction surfacea (steel-on-steel) using organo-
phosphate addition agenta in polysiloxane fluids has vefuted the

commonly hald belief thet the ingbility of antiwear sdditives to function
in polysiloxane media at low concentratiouns is due to the fact that the
additive is substantially excluded from the surface. Evidence i
presented to show that additive-surface intaractions are indeed prevalent
resulting in an sntagonistic (pro-wear) action. 1In one specific instance
depending on load and concentration a beneficial lubricating Trespodase is
achieved with a tetrachlorophanylmethyl siloxane fluid coantaiaing alkyi-
phosphcte derivatives., The use of organo-phoaphates as antiwesar agents
in polysiloxane has previously nroved unfr {tful, therefore, these
results represent a signiiicant area for further study,
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SUMMARY

INTRODUCTION

The uee of chamical additives in lubricating oils to increase their
effectivaness under axtrema operating conditions is widely recognized. Thesae
additives are generally referred to as antiwear addicives, Such additives
usuglly consist of organo-sulfur, -chlorine or -phosphorus compounds or mixturen
thereof although they are not limited to these chemical families. When added
to the lubricating oil in quantities of one to two percent, catastrophic wear of
mechanical componenta will be prevented under extreme operating conditions.

The mechaniswm established for this beneficial action involves the contrslled
decomposition of the additive as & result of slevated temperatures caused by
localized metal -to-metal contact at surface ssveritiex. The additive reacts
chemically with the freshly worn surface to form films of gulfides, chlorides
or phosphate complexes which exhibit low shear strengths, thus making it
possible for one surface to move over the nther with least resistance,
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For conventional pctroleum base oils which are limited to lower temparature
applications (275° to 300° F) the thermal stability of the antiwear additive
usually coincides with the thermal stability of the base oil. In recent years
a number of synthetic fluids have been doveloped with temperature stabilities
well above the petroleum base oils (500° to 600°P). One such class of materials 5
is the polysiloxanes or more commonly called silicone fluids. It was found
that the communly used antiwear additives for petroleum base oils were complately e
ineffective in the silicone oils. Under s previous NAVAIRDEVCEN (Naval Air
Development Center) Independent Research Program the first suitable antiwear
additive based on thiadiazole chemistry was developed and patented for imparting
effective lubricating properties to silicone fluids. Hovcvcr, the upper temp-
erature stability of this additive was limited to 250° to 275%, well below the
useful temperature range of silicone fluids. Consequently there exists a need
to brogden the range of chemical additives suitable for use in ailicone flutds
and also to take advantage of the higher temparature capabilities so that new
mil{tary weapons aystems can be designed for optimum performance and reliability,

T

L T

J—

W B i
3

haauadial il B

oy

The wotk reported herein was conducted under Independent Research Task
Area Nc. ZRO1302, Work Unit No. GCl31.

RESULTS

1. A polysiloxane formulation containing 2 weight percent dibutylchloran-
date and 0.25 weight percent 2,5-bis-t-dodecyl dithio-1,3,4 thiadiazole in
tetrachlorophenylmethyl siloxane fluid has been discovered which possesses autiwear
properties previously unattainable with polysiloxane fluids. In fact the
boundary lubricatirg properties of this formulation are comparable to those
of formulated petroleum oils, synthetic hydrocarbons, diesters and phosphate
ester fluids. A patent application covering this unique discovery has been i

filed.

2, An investigation of the friction sirface (stael-on-steel) modification
effects of organo-phosphates in polysiloxane wedia has refuted the belief that
such additives are essentially exciuded from the surface at low concentrations.
It bas been shown that these additives in most cases have an antagonistic effect
{.e. increase vear rates at low concentrations.
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3, The use of organc-phoaphatas as antiwvear agenta in polysiloxane fluide
has praviocusly proved unfruicful. As a result of this study a polysiloxane
formulation containing & to 5 weight percent of an alkyl-phosphate in tetra-
chlovophenylmethyl siloxane exhibited improved entiwvear properties under high
load conditiona,

CONCLUSIONS

1. Polysilozare fluids possessing antiwear gqualities comparable to
conventional lubricating media can be achieved through the use of chemical
addition agents in winor concentrationa,

2, Having cvercome the disadvantage of poor boundary lubricating propertiea
ansociated vith polysiloxanes, these fluids may now be conaidered for appli-
cations where thair more desirable properties such as high temparature stadbility,
oxidation resistance, low volatility, etc, can be used to greater advantage.

FUTURE WORK

Although the use of selected chemical addition agents in polysiloxane
fluids has proved baneficial in sliciting a proaounced doundary lubricating
effect, the exact nature of their action is still unknown. A better under-
standing of the machanism by which these additives function will provide
guidelines for the development of a new generation of military aircraft lubri-
cants and fluids, MHaving established basic proparty relationships, effort
will continue toward:

1. Identifying the chemical nature of surface reaction products resulting
from antivear activity,

2. Determining plausible mechaniszma based on chemical reactivity,

3. Pstablishing molecular composition and structure for optimum antiwear
functionality.

4. Synthesizing chemical addition agents based on the above findings.

5. Establishing performance characteristics at elevated temperatures and
loads non selected polysiloxane formulations.




T T

o we e

s, oo - b ade Bl duatitalecad g Rt Ll o SE R RETRE S

Y
-

NADC- 76226+ 30

TABLE or

CONTENTS

RUPR T S III PHPONU U MAMMM

Pagy Mo,
INTRODUCTION . . . . . . . . . . e . 1
RESULTH. . . . . ¢ « v v o ¢ v v o o« e s 1
CONCLUSIONS . « « . . e e e e e l
YUTURER WORK., . . . . . . .« . . . 2 :
LIST OF FIGURES . ., . . . : . C e ‘ ‘
LIST OF TABLERS. . . . . . . . . . . « . . 6 |
BACKXGROUMD, . . . . . . . . . . .. « e e e . ? ‘
SURFACE COMSIDERATIONS . . . . . ? ;
SILICONE CHEMISTRY AND PROPERTIRS. . . ?
"STATE-OF-THR-ART" REVIEW, . . . . . 8
Conventional Lubricating Media. . &
Polysiloxene Lubricating Media. 9
EXPERIMENTAL. . 10
RESULTS . 11 s
ANTIWEAR ADDITIVES FOR TETRACHLOROPHEWNYLMETHYL
SILOXANE FLUID . . . . . . . e e . 11
ORGANO - PROSPHATES AS ANTIWERAR ADDITIVES IN POLYSILOXANE ;
FLUIDS . . . . . . . o o o s e e e e e e e e e e e 12 i
Dimethyl Siloxane . 12 !
Phenylmethyl Siloxane . . . . ., 13 |
Chlorophenylmetayl Siloxane . 14
DISCUSSION. . . . . . . ., . . . . . .. . . . 14
REFERENCES. . . . . . . . . . . . 1?7

i R R R



S -

10

11

12

13

14

15

16

cEr v

17

. e ee——

NADC-76226-30

LIST or

ek T TR . /o

FIGURES

A Schematic Representation of Typilcal Priction BSurfaces, . 20

Chemical Structure of Some Polyailoxane

Four-Ball Wear Tost Results on Dimethyl
(50 cs) with Various Phosphate Additives

Four-Ball Wear Tast Results on Dimethyl

Polywmers, ., , ,

Siloxane Fluids
at 0 X= Losd |

Siloxane Fluid

(50 cs) with Various Phosphate Addivites at 40 Kg Load,

Pour-Bell Wear Test Results on Dimethyl
(50 cp) with TOP at 20 and 40 Kg Load ,

Pour-Ball Wear Test Results on Dimethyl
(50 cs) with TBP at 20 sand 40 Kg Load ,

Four-Ball Wear Test Results on Dimethyl
(50 cs) with TOTP at 20 and 40 Kg Load,

Four-Ball Wear Test Results un Dimethyl
(50 cs) with TCP at 20 and 40 Kg Load |

Four-Ball Wear Test Results on Dimsthyl
(10 cs) with TBP and TCP at 20 Kg Load,

Pour-Ball Wear Teat Results on Diwmethyl
(10 and 50 cs) with TBP at 20 Kg Load

Four-Ball Wear Test Results on Dimathyl
{10 and 50 ca) with TCP at 20 Kg Load ,

Siloxeane Pluid

.

Siloxane Fluid

. . . * e . 3

Stloxane Pluid

S{loxane PFluid

. . . . CR—Y

Siloxane Fluid

Siloxane Fluids

. . o e e

Siloxana Fluidas

Four-Ball Wear Test Results on Fhenylaethyl Siloxeane
Fiu!ld with TBP, TOTP and TCF at 20 Kg Load

Four-Ball Wear Test Results on Phinylmethyl Siloxane

Fluid with TBP and TCP at 10 Kg Load

. « @

Pour-Ball Wear Test Reaults on Phenylmethyl Siloxana

Fluid with T3P at 10 and 20 Xg Load

Pour-Bal) Wear Taast Resultsz on Phenylmeihyl Siloxane

Pluid with TCP at 10 and 20 Kg Load

Four-Ball Wear Test Results on Dichlorophenylmethyl
Siloxane Fluid with TBP and TCP at 20 Xg load,

Four-Ball Wear Test Results on Dichlorophenylmathyl

Siloxane Fluid with TBP and TOTP at 40 Kg Load

23

24

27

28

29

30

31

32

L k]

35

36

37

- s

3
:
]
i
i
]
]
3

e e



|y e

TRy

H‘“!W‘" T e

£ ok CipMrer

DT AR

’;':,

B ‘Mm;n; wery

- ?1-51-‘3«« R L T

-

4

i8

19

20

21

22

2}

NADC-76226-

Pour-Ball Wear Test Resulta on Tetrechlorophenylmathyl
Siloxane Fluid with TB? and TOTP at 20 Xg loasd . . .

Pour-3all Wesr Tast Reasults on Tetrachlorophenylmethyl
Siloxane Fluid with TBP and TOTP at 40 Kg Load . . . .

Four-Ball Wear Test Results on Dichlorophanvimathyl and

Tetrachlorophenylmathyl S{lozans Fluids with TBP at 20 Kg

Load . . . . e e h e e e e e e e

Four-Ball Wear Teet Reasults on Dichlorophenylmsthyl and

Tatrachlorophenylmathyl Siloxane Fluids with TBP at 40 Kg

Load . . . . . . . C e e e e e e e e

Four-Ball Wear Test Reasults on Tetrachlorophenyleethyl
Siloxane Piluid with TBP at 20 and 40 Kg Load . . ., ., . .

Four-Ball Wear Test Results on Tetrachlorophenylmethyl
Siloxane Fluid with TOTP at 20 and 40 Xg Load, . .

3¢

39

40

4l

62

%




Table Mo.

It

1§ 94

1v

V1

Vil

Vil

NADC-76226-3%

LIST or TABLES

FOUR-BALL WEAR TEST RESULTS ON TETRACHLOROPMENYLMETHYL
SILOXANE FORNULATIONS AT 167°F 40 Xg LOAD . . . . . .

POUR-RALL WRAR TRST RESULTS ON CONPARISON FLUIDS AT 167°P,

‘Ouannnoc . L T O T R S ) [

FOUR-RALL WEAR TEST RESULTS ON TETRACHLOROPHEN YLMETHYL
SILOXANE FORMULATIONS AT TWO TEMPERATURES (40 Xg LOAD) .

COMPARISON OF ANTIWEAR PROPRRTIES OF VARIOUS PHOSPHATE
ADDITIVES IN DIMETHYL SILOXANRE (50 ca) AT 20 Kg LOAD .

COMPARISON OF ANTIWEAR PROPERTIES OF VARIOUS PHOSPHATE
ADDITIVES IN DIEMTHYL SILOXANE (50 ca) AT 40 Kg LOAD .

FOUR-BALL WEAR TEST RESULTS ON POLYSILOXANE BASE
FLUIDS AT 167%F. . . . . . . . . . o v v v e e

COMPARISON OF ANTIWEAR PROPERTIES OF VARIOUS PHOSPHATE
ADDITIVES IN PHENYLMETHYL SILOXAME FLUID . v

COMPARISON OF ANTIWRAR PROPERTLIES OF VARIOUS PHOSPHATE
ADDITIVES IN CHLOROPHENYLMETHYL SILOKANE PLUIDS AT 40 Kg

+ &4

« &5

« 48

- &7

- &b

- 49

- 50

- 5




- ST TS .

NADC-76226-30

T e ——y

BACKGROUND

7w e

SURPACE CONSIDERATIONS

: A schematic reprezentation of typical friction aurfaces is shown {n

( Figure 1. Under hydrodynamic conditions of lubrication, the two aurfaces are
) ) separated by a thin oil film and ideally no wear uccurs. However, with in-
- creased load the thickness of the oil film diminighes to the point where
- surface contact occurs, This regime is generally ‘efarred to as boundary
= luhrication conditions, As depicted in Figure 1, the topography of such
£ surfaces sssentially consists of a seriea of "hills" and "valleys" (asperivies) which
) exist even for highly polished surfaces. When surface contact is made at
the asperities, adhesive interactions result in tncreased gensration of heat
and the formation of wear particlez, Because the points of contact are wmicro-
acopic 1o nature, the total load is carried by anly a very small fraction of the
actual surface area. All of these conditions ccmbine to produce wear in
mechanical components,

An effective means of preveanting or alleviating this condition irnvolves .
the addition of chemical apecies to the ofl in minor concentrations (usually -
less than 2 percent). The temperature generated at asperity contacts can '
exceed 2000°F although for only a fraction of a second, The additive reacts
wvith this "hot wpot" to form a new chemical compound on the surface which has
a lrwer shear strength than the base metal and thus the surfaces move relative

3 tn one another with lower resistance, At bulk fluid temperatures (less than
300°F) the additive is stable enough to resist decomposition,

The ganeral classes of additives used for this purpose are sulfur,
chlorine or phosphorus containing organic compounds while the resultant
s:rface reaction products have been ident{fisd as inurzar{c metal sulfides,
chlorides, phosphate or phosphate complexes.

SILICONE CHEMISTRY AND PROPERTIES

The preparation of polysiloxanes can be represented by the following -
series of reactions: '

.‘,_,.m,,. ,.V‘ N
N TR B B0 At A a8 i o e L
i
.

Si02 + 2C Si + 2¢0 (H :
{ RC1 + ! - RgSiCly (2)
x =1, 2 or
j ye1l, 2o0r3
X+ y =4
ReS1Cly + H30 - RyS1(OH)y + yHCl (3)
mt2 [RaS1(OH)y)  SOMIEMIATION g i0(ReS10) E1RY + mHIHYO (%)
polysiloxane

Easentially silicone polymers contain repeating Si-0O linkages making their
"backbone' completely inorganic while various organic substituents ars attached
to the S{ atomn. Some of the more common forms of polysiloxane polymers are
preaented {n Figure 2.

ced from
7 t:;:; ofvun‘\hb\o copY-




NADC-76226-30

In general the proparties of polysiloxane fiuide which are substantially
different frowm conventional lubricating media and which affect thefr lubri-
cating ab. ‘ty include:

1. Free rotation of the structural units relative to the siloxans bonds
together with low inter-molecular interaction wake formstion of compact
oriented structures betwaen two surfaces under load difficult (39).

2. Siloxane bonds are partially ionic in nature and therefore highly
reactlve in haterolytic type reactions. Antiwear additives function through
homolytic (free radical) type reactionas which do not readily occur in heter-

olytic systems (39).

3. With the exception of phenylmethyl silicones the conventional antiwear
gdd{tives are only slightly soluble in siiicone fluids.

"STATE-OF-THF.-ART" REVIEW

The literature abounds with information concerning the use of antiwear
additives and the nature of action in conventional (hydrocarbon) lubricating
fluids. On the contrary, the scarcity of this type of information relevant
to polysiloxaene fluids {s conspicuocus.

Conventional Lubricating Media

The first use of antiwear additives occurred in the mid-1920's in order
to permit operation of hypoid gears. These first compounds, many of which are
still employed today, contained sulfur, chlorine or phosphorous atoms in thefir
molecular structures, Since that time the application of antiwear additives
has spread to many other mechanical components. They were believed to functian
by forming a film of low shear strength such as a sulfide, chloride or phosphide
as discussed previously. By repeated shear breakdown and reformation,the film
preveated seizure of metal surfaces. A large number of investigations secemed
to support this belief (1-11),

In 1940 Beeck, Givens and Williams (5) postulated that the effectiveness
of phosphorous containing additives such as tricresyl phosphate was due to
the formation of an {ron-iron phosphide eutectic of low melting point at the
asperities which chemically "polished'" the surface. In 195¢ Xlaus and Fenske
(12) found that the low wear was not accompanied by any gross smoothing or
“polishing" of bearing surfacea. This ''as also confirmed by Furey (13) in
1963. 1n 1965 three papers appeared which refuted the iron-iron phosnhide
eutectic formatinn theory. Barcroft and Daniel (14) using radicactive triphenyl
phosphate showed that this additive formed films of metal phosphates and metal
orgzano phosphates. 1t was suggested that the neutral phosphate ester adsorbs
on the metal surface, then decomposes in the contact area to give the acid
phosphate which reacts with the metal surface to form metal organic phosphate,
This then d:composes to form the metal phosphate. Godfrey (15) ideantified iron
phosphates on eliding surfaces lubricated with tricresyl phosphate. No evidence
of tron phosphide could be found in either of the above atudies. ¥Xlaus and
Bieber (16) nusing radioactive tricresyl phosphate identified iron phosphates on
bearing surfaces and attributed their formation to polar {mpurities i{n tricresyl
phosphate. 1n 1965 Bieber, Klaus and Tewksbury (17) using tricresyl phosphate
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showed that the antivear behavior in a formulated lubricant appeared tu be due
to the acid phosphate and not the tricresyl pliosphats. The tricresyl phosphate
acted as /. reservoir for the formetion of acid phosphate during the 1ife of the
lubricant, In 1970 Goldblatt and Appeldoorn (18) showed evidence contrary to
Bieber, Klaus and Tewksbury (17) that tricresyl phosphate and other phosphate
and phosphite esters sct as antiwear agents by dirzectly reacting with metal
surfaces. No prior hydrolysis to the acid phosphate appeared to bde required.
This was aleso confirmed in 1970 by Sakuari and Sato (19). From x-ray analysis
they confirmed the presence of iron phosphates and a small emount of tron
phosphide., They concluded from their results that the ifron-iron phoaphide
eutactic scarcely contributed to the lubrication mechanism. 1In 1974 Forbas

and Battersby (20) reported on the use of dialkyl phosphites as antivear
additives. They found that the phosphites were better antiwear agents than

the corresponding phosphates and attributed the formation of both nrganoc and
inorgeano phosphites to hydrolysis occurring in solution and at the asurface.

'n regard to sulfur containing antivear additiveas, the initial theories
assurned that the film formed on metal surfaces was the metallic sulfide. 1In-
deed several) papers (21-24) have indicated that with steel or iron jurfaces,
the iron sulfide is formed and it is this compound that is providing reduced
vear. Godfrey (25) in 1962 analygzed, by aix methods, the films formed on steel
surfaces from mineral oil seturated with elemantal sulfur. The major componert
found was Pe304 with minor constituents of PeS and FeO. The sulfides were
believed to promote the oxidation of iron, but the combination of both oxide
and sulfide {n the films were neacessary for high load capac‘ty. Still others
have found no evidence of the formation of {ron sulfide. Bucklevy (26) in
1974 using Auger Spectroscopy found that sulfide filme on iron surfaces are
displaced by oxygan. In 1776 Baldwin (27) using x-ray photoclectron spectro-
ecopy identified metallic sulfide compounds on surfaces which provided
effective boundary lubrication.

With regard to chlorine containing additives, again the obvious post-
ulations were that a metallic chloride was formed on the bearing surface,
Analyses of iron containing bearing surfaces have shown that FeCly and FeCl>
are present as well as the unexpected oxychlorides (28).

Polysiloxane Lubricating Media

As previously indicated the types and magnitudes of studies performed
cn conventional iubricating fluids far exceed those which have baen perforwmed
on polysiloxzane fluids. The covmercial svailability of silicone fluids
occurred only about 30 years ago. This and the lack of solubility of con-
ventional types of antiwear additives in dimethyl siloxane fluids are the baatc
reasons for the limited availability of technical {nformation in the area of
edditive interactions,

It was evident from the early work of Zisman (29) in 1946 and Currie (30)
tn 1950 that the application of silicones as lubricants would be limited be-
cause of their poor lubricating qualities for the most cowmon bearing - metal
combination; namely, steel-on-steel. Because of the many desirable properties
of silicone fluids, efforts were then directed toward overcoming this drawback.
Although these effortes were hampered by the poor solubility of most materials
in siliconas,Murray and Johnson (31) in 1952 found that incorporating 30 percent
of a diester {mproved the lubricating properties but such & blend offered only

ol o kst e ,_A.-M_A-L‘l_u“m._xmﬂm
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a compromise of the properties of the two fluid types. 1In the esarly to

mid 1950'a Pletcher, Hunter (32) anéd Brown (33) improved the lubricating
properties of silicones by an alternate rcute. They incorporated an sctive
antivear elemant from the halogen femily into the polymer chain. The

halophenyl group offered improved lubricity for ferrous metals vhile retaining
the {nherent atability of the siloxane polymer. Ancther chemical sodification
was based on the substitution of dimethyl groups with trifluoropropyl wmethyl
groups. Schiefer and Van Dyke (34) in 1963 reported on the improved boundary
lubriceting propectias of these fluorcalkyl silicones in bench and pump taests,
Also, introduction of alkyl groups in tha silicone polymer was found to have a
beneficial effect on tha lubricating proparties, however the improvement ootained
was at the expense of the inherent stability of the siloxane chain (35). In
1968 the approach toward providing enhanced lubricating properties for siloxane
fluids reverted to chemical addition agents. Devine and Lamson (36) were fesued
a patent based on the improvement obtained using polysulfides and thiadiazoles
in siloxane fluids. In 1973 Groenhof and Swihart (37) were isgued a patent on
the use of chlorendates as lubricity edditives for silicone fluids. 1In 1974
Groenhof and Quaal (38) reported on the fact that tha use of conventfonal anti-
wear additives were effective in phenylmethyl siloxane fluids although at higher
concentrations than normally used, In 1965 Vinogradov, Nametkin and Nossov (139)
reported on the fact that additives which were highly active in preventing

steel seigurem in hydrocarbon media are either completely fnactive in poly-
siloxanes (methylphenyl siloxanes) or are much less active (ethyl siloxanes).
Their hypothesis attributes this to the absence of processes involving chain
reactions initiated by free radicsls in polysiloxenes.

The work described above covering siloxane fluids wes aimed mostly at improving
lubricating performance in contrast to work reported with conveantional fluids
vhere the major emphasis has been on determining what chemical speacies is
formed on the gsurface and by what mechanism it {s formed. In general, all of
the improvemants atill fell short of the beneficial lubricating properties
exhibited by compounded petroleum or hydrocarbon lubricants.

EXPERIMENTAL

The Shell four-ball wear test apparatus was employed throughout this
investigation, The spparatus has been adequately described elsevhere in the
literature (40-41). Briefly described this test utilizes three balls lucked
immovet.y by a conical ring thereby forming a three point contact for a fourth
ball held rigidly at the end of a drive shaft, The fourth ball rotates, under
load, against the three stationary balls, all of which are immersed in the
lubricant under test. Ideally, circular wear acars are produced on the surface
of the three stationary balls and the degree of wear is exprassed as the average
dieneter of these scers. The smaller the wear scar, the better the lubricating
characteristics of the fluid under test. Test conditions which remained constant
throughout this investigation are as follows:

a. Metal Soecimena: AISI 52100 stecl balls
b. Test Time: 1 hour
c. Speed: 1200 RPM
Load ranges studied 1ncludgd 10, 20 and 40 kg. All of the curves presented
show data generated at 167 F, Some data presented in tabular from was generated
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at 350°F. The wear scar diaceters repo-ted are in millimeter units and where

critical points wers established are the average of several separate determinationas,.

All of the polysiloxans fluids and chemical additives were obtained from
compercial souzces. The dichlorophenylmethyl fluid 1is no longer commercially
avajlable, All materiale were used as received.

RESULTS
ANTIWEAR ADDITIVES FOR TETRACHLOROPHENYLMETHYL SILOXAME FLUID

A litervature search in the area of antiwear additives for siloxane fluids
in general indicated the neeu to establish fundsmental performancs character-
istics in regard to antiwear properties., Our in{tial efforts in this phase of
the investigation led to the dircovery of a tetrachlorophenylmethyl siloxane
lubricant composition (42) which possessed antivear qualities previously
unattainable with silicone fluids., Table 1 listas the four-ball wear test
results obtained for various siloxane/addi{tive formulations., The chemical
structures of the additives employed are given below:

N - N

| 5
t - CpHyy -8~ - c\\sx,c -8 -8t -G,y Hyg

2,5-bis-t-dodecyl dithio-1,3,4 thiadiazole
ci 0
CI‘C‘C’CH‘C’O—I\CI‘HQ

HC\-C-C\I
|
CL-C-C-CH-C-0-nCHy

C1

dibutylchlorendate

Each additive was investigated individually and in combination at several
concentration levels, Both the thiadiazole and the chlorendate are observed
to {mprove the antiwear properties of the base silicone fluid at relatively
low concentrations (formulation Nos. 2 and 6, respectively). It was of interest
to determine whether a further {mprovement in antiwear properties could be
obgserved with a combination of additives (synergistic effect). A remarkably
low wear scar diameter was obtained with 2.0 weight percent chlorendate and
0.25 weight percent thiadtaszsole in the silicone base fluid (formulation No.
11)., The antiwear properties of this formulation are comparable with those
of petroleum fluids, synthetic hydrocarbon and phosphate ester fluids under
the same test conditions, as shown in Table 1I. 1In addition the antiwvear
properties of formulation 11 are maintained even at temperatures =s high as
350°F (Table 1I1),
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Th2se reagults are spacific for the tetrachlorophenyimethyl siloxane
flu:d, Other silomene flui{ds such as dimethyl and pheaylmethyl do not respond
to the chlorendate/thisdiarole gdditive package in 8 like manner. A dichloro-
pheay’mathyl siloxane exhibits improved antiwear proparties {0.80 ma wear scer
dismeter) but at a concentration of 10 weight percent chlorendats end 1 weight
n-.2oat thiadiasole.

Y CANO-PHOSPHATES AS ANTIWEAR ADDITIVES IN POLYSILOXANE FLUIDS

The actiomn of organro-phosphates such as tricresyl phoaphate in conventional
luoricating media {8 well eastablishad. Therefore, our initial atudies wers
roncerned with eatablishing basic performance criteria of this type of enti-
waar ggent in polysiloxane fluids. PFor this purpose four differemt phosphate
.ompounds were selected, {.e. trioctyl phosphate (TOP), tributyl phosphate
(TRP), tri-ortho-tolyl phosphate (TOTP) and tricreayl phosphate (TCP). TOTP
in @ specific iryveric form of TCP. Commercial TCP is a mirture of the ortho,
mata and para liomers of tricresyl phosphate., Also, three different clasaes
of polysiloxene fluids; {.a., the dimathyl, the shanyloethyl and the chloro-
pheayimethyl fluids were used as base stocks.

Dimethyl Siloxaue

The results obtained on the four-ball wear anslygis of the various phos-
phates in dimethyl siloxane fluid are graphically presented in FPigures )}
through 1. The basic data generated can ha found in Pigures 3, & and 9,
Pigureas 5 through B show the effect of load on wear and Figures 10 and 11
show the effact of viscosity on wear for the various phosphate compounds.

1. 50 cs Fluid at 20 Kg Load (Figure 3)

From the outsat the addition of organo-phosphates axhibits a deleterious
effect on the boundary lubricating properties of the base fluid, This {s in
contrast to the antiwear characteristics produced with thesa additives in hydro-
carbon fluids. In this context the organo-phoaphates can be conasidered to act
as "pro-wear" additives as opposed to antiwear addit{ves. In each instance a
concentration is resched wvhere a maxisuam wear scar is produced. On continuved
‘ncreasre of additive concentration the wear scer decreases toward the isherent
boundary lubricating properties of the particular organc-phosphate. Table 1V
quantifies major characteristic wear scer data points based on molal (moles of
adéitive, per 1000 grame of siloxane) quantities of phosphate additive., Threas
data points wvere selected to characterize esach shosphate compound with respect
to molal concentration which will result in:

a. the maximum wear scar,

b. the wvesar scar equal to that of the 100 percent siloxane, and

¢. the wear scar equal to that produced with 100 percent additive,
The order of increasing molal concentration of additive exhibiting

a. @ maximum wear scar is TCP . TOP - TOTP . TBP,

b. weer scar equal to that for 1007 siloxans is TOP=TOTP=TCP < TBP, and
c. wear scar equsl to that for 100% addittive {s TOTP < TCP.< TOP - TBP,

12
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The mosx striking difference occurs at the point where the concentratior of
additive {s such that the quantity of ailicone present has no effect on the
{nherent antiwvear properties of the particular additive, Por TCP and TOTP

thic occurs at a relatively low concentration (2.7 and !.B wolal, respectively)

while with the TOP and TBP it occurs at a much greater concentration (6,9 and
> 11.3 mnlal. respectively).

2, 50 cr Fluid st 40 Xg Load (Figure &)

At thia higher load only the TOTP and to a lesser extent TCP affect
an increase in wvear scar at the initial lower concentrations. TOP and TBP
exhibit a slight antiwear effect which eventually ia destroyed on increased
addition of additive to the soint wvhera a maximum wvear scar is again produced,
After each maximum vear scar the wear scar decraases toward that produced with
pure addit{ve. Table V quantifics tne characteristic pointa on the curves,.
The crder of increasing molal concentration of additive exhibiting:

a. a maximum wear scar is TCP«TOTP. TOP -« TBP,
b. wear scar equal to 100% siloxane is TCP < TOTP < TOP - TBP, and
¢. wear scar equal to 1007 additive is TCP=TOTP - TOP < TEP.

Again the most striking difference occurs at the point where the quantity of
silicone piesent has no sffect on the inherent antiwear properties of the
particular additive. TCP and TOTP exhibit this property at 2.7 molal con-
centration while TOP is ~ 6.9 molal and TBP 11.3 molal,

3. 10cs Fluid at 20 Kg Load (Figure 9)

The activity of TBP and TCP in 10 cs dimethyl siloxanz st 20 Xg load
is shown in Fiqure 9. The wear scar produced with TBP remains relatively
congtant to about 50 weight percent TBP after which it gradually decrcases
towards that of the pure phosphate compound, TCP exhibits a marked increase
in wear scar diameter up to 5 weight percenc, remains relatively constant to
60 weight percent then rapidly decreases toward that of the pure material at
a 75 weight percent concentration,

Figure 10 compares the four ball waar results obtained with TBP in
both 50cs and 10cs fluid, Essentially the curves are aimilar indicating no
affect of viscosity on the wear scer diameters in the 50cs to 10cs range.

On the contrary TCP (Figure 11) shows a marked difference in activity between
the 1Cces and 50cs dimethyl siloxane fluide.

4. 10cs Fluid at 40 Kg Load

Data points at this load level could not be obtained with the 10cs
bese fluid. Excessive wear resulting in severe mechanics!l vibration of the
teat apparatus prohibited a meaningful evaluation,

Phenylmathyl Silcxane

1. At 20 Kg Load (Figure 12)

The inherent lubricity of this fluid is 20 poor that wear scar
diamete~s sabove 3.0mm are produced with no additive present. The addition of

TBP, TOTP or TCP decraeasases the wear scar, TBP more rapidly than TOTP or TCP,
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2, At 0 Xz Loed (Figure 13)

At this lower load TBP reducas the wear scar dimmeter at a such
lowar concentration, The asme is trus for TCP but the affecc is not as
ponounced as vith TRP,

oro h {iloxgne
1. Dichloropheaylmethyl Siloxgne at 20 Kg Load (Pigurc 16)

The addition of TBP or TCP to this base fluid resilited in an increased
vear scar dismeter throughout most of the concentration range with no sharp
decraase i(n wear scar digmetar at a specific concentration. The asxisua wear
ecar diameter covered a broad range of concentrations for TBP (20 weight percent
to 350 waight percent) while it was wore specific for TCP (20 weight perceat).

2, Dichlorophenylmethyl Siloxane at 40 Kz Load (Figure 17)

Wich TBP or TOTP at low couceutrations (less than 20 weight parceat)
the wear scar increases rapidly to a saximum and then sharply decresaes in
the 20 to 40 weight percent range toward that obtained with the phosphate
aatarial alone,

3. Tetrgchlorophenylwethiyl Siloxgne at 20 Xg Load (Figure 18)

The addition of TBP or TOTP increased the wear scar diametevr at the
low concentration range (lesa tham 10 weight percent) with no sharp decrease
from the saximuam wear scar diameter with increasing concentration of shosphate
additive.

4. Tetrachlorsphenylmethyl Siloxane at 40 Kg Load (Figure 19)

In this base fluid the action of TOTP was rathar unusual in that
at concentration ranges of from 5 to 30 percent an irreproducible wear scar
was observed. Thus {n Pigure 19 this portion of the graph {1 reprasented by
a band depicting the range of wvsar scar diameters produced at a givea con-
centration., As can be seen the smount of scatter is much grsater then the
Tepestability generally observed for this waar test. With TBP 3 gharp
decrease in wear scar diameter resulted followed by a gradual increase up
to a concentration of A0 pesrcent to a wear scar diameter which vas mein-
tained unt!l s concentration of 80 percent adiitive waas reachad followed by
decregaing waar scar diamaters.

DISCUSSION

A comparison of the inherent boundary lubricating properties of the
various polyailoxanes under consideration is shown tn Table VI. The ability
of each clasa to wodify friction surfaces (stuel-on-steel) is shown to vary
considerably. All are poor or at best second-rate luhricating media com-
pared tu hydrocarbon lubricants. Vinogradov et al (39) have sttributed
thees differances to the thermo-oxidative stability of the silozane, with
the lubricity lessening in the direction of the more thermally stable polymers.
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The {nadequacies of siloname flutids for lubricating ferruvus metals {s considerasd
to be due to the fect thet the mature of the fila formed on the bearing surtace

{s such that it {e not emfficieatly condensed to provide load-carrying abilicy.

In addition, the lew bulk modulus (high compressibility) adversely affects

the hydrodynamic componoat of lubricity.

THe iaitial phase of this inveatigation has centered on the effect of
orgeno-phosphates on the santiwear proparties of polysiloxans media. In
general with dimathyl stloxene the initial trend on the addition of phosphate
additive 1is to imcrease wear scar sise. If the phosphate additive does not
get to tha matal surface or {s displaced by the siloxane as soms authors 18)
have proposed, the wear scar diameter produced should be the ~ame as the
tiloxane with no additive present. As can be seen from Pigures 1 and &, this
1s clearly not the case. At low concentrations the phosphate sdditive is
indeed altering tne wear surface although in an untagonistic manner. With
TOP ard TBP at 40 Kg load thare is a slight decrease in «ear scar diameter
at the outset but on increased additive concentration the wear scar rapidly
becomes greater. What is evidenced on sach curve is the fact that a
synergistic effect in reverse is obtained. That ia, concentrationa are
reached where the wear scar produced ia greater than the wear scar diameters
exhibited by eilther component individually, The combined reactivity of the
siloxane and the phosphate wvith the ferrous surface under high loads and
elevatead '"hot spot" temperatures produces a film which results in a wear rate
higher than that exhibited by the individual components. Siloxanes are known
to decompose, one the products baing S107 (Silica) which could react with iron
oxide on the ferrous surface to form iron silicate. This, In conjunction
with the iron phusphate or organo-iron pliosphate film that 18 forned, may
lead to the observed antagoniastic behavior.

After a muximum wear scar is reached the wear scar of fluids with
higher phosphate concentration diministes toward that obtained with the
particular phosphate alone. This occurs much more raptdly with the aryl
phosphates than vith the alkyl phosphates. The cause for this effect
is not understood at this time.

The inherent boundary lubricating properties of the phenylmethvl siloxane
is the poorest of the siloxanes studied. The gavere waar condition that
exists is not further agaravatad on the addition of organc-phosphate. The
same kina of surface reactions occurring in the dimethyl siloxane may also
be found with the phenylmethyl siloxane but their characteristics are
"masked'" by the unusually high wear rate inherent with this base fluid, The
alkyl phosphate (TBP) does provide triction surface modification at much lower
concantrations that with the aryl phosphates (TCP, TOTP) as shown in Table
VII. Since the phenylmethyl siloxane is more thermally stable, the formation
of 510, on the guriace as previously proposed for the dimethyl siloxane will
be wore difficult thus allowing more complete formation of the phosphate film
from TBP. It appears that the formation of such a film with TCP or TOTP is
more difficult than with TBP inphenylwmethyl siloxane fluids. However, with
alkyl and aryl phosphates the antiwear properties for these formulations
are extremely poor.

The addition of chlorine atoma to the phenyl groups in phenylasethyl
siloxsnes {s shown to have a pronounced beneficial effect on the boundary
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lubricating properties o!,z(o resultant chlorophemylmethyl silomene. Thie
effect is comsidered to e due to the formation of an iron chloride fiim on
the friction surface. types of chlorophenylmethyl ailoxane, one containing
o average of two ehgd@tno atoma par phemyl group, tha othar containing e
avarage of four chlorine atoms were studied. Again (L was showm that tha
organo -phoaphate ition agent is veaching the surface at ‘ow concentrations
e evidenced by ;hc drematic chemge in wear scar diamater. In wost cases am
antagonistic effect is observed, The exception occurred with TSP and TOTP
in tetrachlorophonylmethyl siloxene at 40 Kg load. A significent decrease
{n wear scar dismeter occurred {a the 4 to 6 weight perceat ramge using T3P
which was not found in the dichloro fluid. The addition of TOTP also loweced
the vear spar diameter but not to the sama extent as T3P, In eddition at
given concentrations of TOTP in the 35 to 30 weight percent range repeatabla
wear scgr diematers could not be produced. The reason for this effect is
currenply under study.

. In order to further study the improved antiwear properties observed

wiyn TBP ,other alkyl phosphates were investigated in doth the dichloro end

trachloro base fluids, Table VIII gshows that with TOP aad TEP (triethyl
phosphate) similisr results to TBP are obtainad in both base fluids thus
lending support to the fact that the results obtained are indeed representative
of the difference between alkyl and aryl phosphates. Thase apparant differences
have not been readily explained. An obvious differance {s the chlorine conteat
of the base fluids wvhich may play an importaat role in the mechsaisms of
sdditive action, Purther analysis is required to account for the observed
effects,

To date our analysis has demonstrated that polysiloxane lubricant
compositions with vastly (mproved boundary lubricating properties are
attainable. The spacific sechsniems accountable for boundary lubricating
action in polysailoxane wedia remain unknown. As noted in thie discussion,
hypotheses have been presented consistent with the experimental data to
account for the obssrved eftects. What is now raquired is a detailed
analysis of the surface chemistry and reactivity of the friction surface
&8s outlinad in the "future work™ statement in the summary section of this
report, so that evidence may be obtained to support or dismiss curreant
theoretical conicepts. Toward this snd the program is continuing.
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TABLE 1. FOUR-BALL WEAR TEST RESULTS ON TETRACKLOROPHENYLMETHYL
’ SILOXANE FORMULATIONS AT 167°F, &0 Xg LOAD
%“ Wear Scar .
E fFormulation Chlorendate Thiadlazole Diameter
: No. (wt. %) (we. 2) (mm)
E 1 0 ¢ 1.30
4 2 0 0.25 0.82
¥ 3 0 0.50 0.83
£ b 0 1.0 0.97
¢ 5 1.0 0 0.93
: 6 2.0 0 0.77
7 3.0 0 0.80
8 4.0 0 0.79
‘{ 9 5.0 0 0.95
' 10 1.9 0.25 0.72
n 2.0 C.25 0.62
: 12 3.0 0.25 0.69
13 5.0 0.25 0.79
14 2.0 0.40 0.74
15 5.0 0.50 0.80
16 5.0 1.00 0.8
17 2.0 0.16 0.67
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TABLE t1. FOUR-BALL WEAR TEST RESULTS ON COMPARISON FLUIDS AT 167°F, L0 Kg
LOAD

wWeaar Scar
Des ignation Base Fluid Diameter (mm)
Formulation 11 Silicone 0.62
“iL-H-5606 Petroleum 0.65
MiL~-H-83282 Synthetic Hydrocarbon 0.55
MiL~-H-19457 Phosphate Ester 0.54

45

T e

W T ST



RADC-76226-30

TABLE {il. FOUR-BALL WEAR TEST RESULTS ON TETRACHLORCPHENYLMETHYL SILOXANE
FORMULATIONS AT TWO TEMPERATURES (40 Kg LOAD)

Wear Scar Diameter (mm)

Ve TR TR ST

Formulation No. \67°F AA}SOOF
| 1.30 ®
3 0.83 0.95
6 0.77 1.39
; N 0.62 0.68

* Indicates that the test could not be complieted
because of excessive wear.
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TABLE 1V. COMPARISON OF ANTIWEAR PROPERTIES OF VARIOUS PHOSPHATE ADDITIVES

RADC-76226-30

IN DIMETHYL SILOXANE (50 cs) AT 20 Kg LOAD

Phosehate
TOoP

T8P
TOTOP

1CP

Note:

Moles of Additive, per 1000 g Siloxane

At Maxlinum
Wear Scar

0.58 (1.08)
2.0-3.8 (1.10)
0.91 (0.87)
0.30 (0.96)

To Reducs
Wear Scar te
Same as 100%
Siloxane

0.99 (0.77)
8.8 (0.77)
1.2 (0.77)
1.2 (0.77)

Numbers in parenthesis refer to the
wear scar diameter in millimeters at
the given concentration.
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To Reducs
Wear Scar te
Same as 1002
Additive

6.9 (0.31)
11,3 (0.43)
1.8 (0.48)

2.7 (0.47)
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TABLE V. COMPARISON OF ANTIWEAR PROPERTIES OF VARIQUS PHOSPHATE ADDITIVES
IN DIMETHYL SILOXANE (50 cs) AT 40 Kg LOAD

Moles of Additive,per 1000 g Siloxane

To Reduce Wear To Reduce Wear
At Maximum Scar to Same Scar to Same
Phosphate Wear Scar as 1002 Siloname as 1003 Additive
ToP 1.6 (2.4Y) 1.8 (1.90) 6.9 (0.61)
T8P 2.5 (2.37) 3.0 (1.90) > 11.3 (0.69)
TOTP 0.68 (2.59) 1.3 (1.90) 2.7 (0.58)
TCP 0.68 (2.09) 0.81 (1.90) 2.7 (0.58)

Note: HNumbers in parenthesis refer to
wear scar diameter in millimeters
at the given concentration.
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TABLE VI. FOUR-BALL WEAR TEST RESULTS ON PCLYSILOXANE BASQ FLUIDS AT 167°F

:15§§8;‘Y Wear Scar .nm)
Polysiloxane (cs) 10 Kg 20Kg L0 g
Dimethyl 190 0.45 0.65 1.758
Dimethyl 50 0.45 c.77 1.90
Dimethyl 10 0.68 1.02 l
Pheny Imethy] 75 2.58 3.12 = é
Dichlorophenyimethyl 75 - 0.51 1.35 :

Tetrachlorophenylmethyl 75 - 0.44 1.4 |

* Indicates test could not be
completed because of excessive
wear .
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TABLE VI,

Phosphate

18P

TCP

NADC-76226-30

COMPARISON OF ANTIWEAR PROPERTIES OF VARIOUS PHOSPHATE ADDITIVES
IN PHENYLMETHYL SILOXANE FLUID

Load

10

20

20

Note:

Moles to Additive per 1000 g Siloxane at
sharp ''‘break point'' in wear curve

0.20 (2.52)

No sharp break point.

1.16 (2.31)
1.81 {2.81)

Numbers in parenthesis refer
to the wear scar diameter at
the given concentration in
millimeters.
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% o TABLE VII1. COMPARISON OF ANTIWEAR PROPER1IES OF VARIQUS PHOSPHATE ADDITIVES
: IN CHLOROPHENYLMETHYL SILOXANE FLUIDS AT 4O Kg LOAD
? Wear Scar Diameter (mm)
§ Phosphate wt.2 dichloro tetrachloro
§ None - 1.35 1.41
- T8P 5 1.46 0.86
ToP 5 1.67 0.77 ;
TEP=* 10 1.62 0.81

*Triethyl phosphate




